computation of an analysis of variance with post-hoc from the baseline at a total of 38 time points; at 37 of these, the deviations were in the positive direction. Four planned contrasts. Third, the analysis was extended beyond the ROIs by searching for clustered voxels, in other clusters in subcortical or brainstem regions of the right hemisphere, the NAc, SLEA, hypothalamus, and VT, acbrain regions, whose hemodynamic responses were tied to differences between extreme and intermediate condicount for 24 of the reliable deviations from baseline. The time to peak measures varied across prospect tions (c) (e.g., the best outcome on a given spinner and the middle outcome). responses (Table 2) . Signals from subcortical and brainstem structures with robust simultaneous 95% confiFoci of Signal Change in Targeted Anatomic Regions dence bands that cleared the baseline, peaked at 4 s in 10 of 13 cases. In contrast, several of the signals that Twelve subjects had motion-correctable data. For selectively averaged data from these subjects, ten ROIs were peaked later were recorded in GOb ROIs (see Figure S2 [see supplemental data at http://www.neuron.org/cgi/ identified from correlation of the averaged prospect time course with a ␥ function. Four of these ROIs were located content/full/30/2/619/DC1]). ANOVAs and Contrasts. Spinner and time point served in subcortical regions: the right nucleus accumbens (NAc), left amygdala, right hypothalamus, and right venas the predictors in the two-way ANOVA of the prospect responses. As shown in Table 1 , the effect of spinner tral tegmentum (VT). An additional six ROIs, in which generalized prospect responses were seen, were loon the prospect responses met the significance criterion in three subcortical regions of the right hemisphere, the cated in the orbital gyrus (GOb), two in the left hemisphere, and four in the right (Table 1 Table 3 . These contrasts demout using individual time courses for each trial type, and with statistical methods resistant to the contaminating onstrate that many of the orderly differences between the time courses seen in Figure 3a ( i.e., ordering of effects of outliers.
Prospect/Expectancy Time Courses
response magnitude according to the expected value of the spinners) cross the threshold for statistical reliabilDescription and Comparison to Baseline. The five ROIs with the highest signal-to-noise ratios (Table 2) ity. In the case of the NAc, SLEA, and hypothalamus, the magnitude of responses to some spinners with higher during the prospect phase (2-6 s time points) were the NAc, SLEA, hypothalamus, VT, and GOb(5), all in the expected values (good and/or intermediate) exceeded the magnitude of responses to the spinner with the lowright hemisphere (Figure 3 ). In these ROIs, there were relatively strong prospect responses to the good spinest expected value (bad). An opposite pattern was seen in the responses recorded from ROIs in the amygner, and the 95% confidence intervals around the mean time course clears the zero baseline at multiple time dala(11), GOb(1), and GOb(10). In these cases, the response to the bad spinner was reliably stronger than points (Table 1 ). In several of these clusters, weaker responses were seen to the intermediate and bad spinthe response to the good and/or intermediate spinners at certain time points (Table 3) . ners, and in the SLEA and GOb(5), the peaks of the prospect responses are ordered according to the exOutcome Time Courses Description and Comparison to Baseline. As in the pected value of the spinner. Predominant responses to the good spinner were seen in four additional GOb ROIs case of the prospect responses, the outcome phase responses (8-12 s time points) were compared to the in the right hemisphere (Table 1) .
The signals from the left amygdala (ROI #11) show a zero baseline by means of robust simultaneous 95% confidence intervals (Table 1) . Reliable deviations from contrasting pattern to the other responses in Figure 3 . In this case, there is a biphasic response, which deviates the zero baseline are observed for the NAc (11 time points), SLEA (14 time points), hypothalamus (six time reliably from the baseline for the bad spinner, and a minimal response to the other spinners. Predominant points), and GOb(4) (three time points) confirming the visual impression conveyed by Figures 4a and 4b. responses to the bad spinner were seen in three lefthemisphere GOb ROIs (Table 1) Figure 1a , the experiment consisted of eight runs, with 19 trials per run. The first trial in each run was a "dummy" trial, included to ensure complete first-order counterbalancing with regard to hemodynamic carryover effects for each trial type over the entire experiment. The nine trial types representing the spinner * outcome combinations were presented 12 times each, and the fixation point baseline was presented 36 times. (These counts exclude the dummy trials.) Trials were subdivided into a "prospect phase" and an "outcome phase," each of 6 s duration. During the "prospect phase," subjects initially saw a colored "spinner" on which a superimposed arrow appeared after 0.5 s and began to rotate. It accelerated and then continued spinning for 5.5 s. During this time, subjects were instructed to push a designated button to identify the spinner. At 6 s, the arrow stopped on one of the three sectors, and that sector flickered for 5.5 s to indicate Coordinates are expressed in mm from the anterior commissure: R/L, right (ϩ)/left (Ϫ); A/P, anterior (ϩ)/posterior (Ϫ); S/I, superior (ϩ)/inferior (Ϫ). "Change from Baseline" identifies ROIs in which the 95% confidence interval around the BOLD signal cleared zero. For the "Prospect" column, the spinner responsible for the deviation from zero is indicated by a "G," "I," or "B," for the good, intermediate, and bad spinners, respectively. For the "Outcomes" column, numerals refer to the trial type as follows: 1, 2, and 3 represent the $10, $2.50, and $0 outcomes, respectively, on the good spinner. For the intermediate spinner, 4, 5, and 6 represent the $2.50, $0, and Ϫ$1.50 outcomes, respectively, and 7, 8, and 9 represent the $0, Ϫ$1.50, and Ϫ$6 outcomes, respectively, on the bad spinner. "Time Points Clearing Baselines" lists how many time points reliably cleared the baseline for prospect and for outcome data. In both the "Prospects" and the "Outcomes" columns, ϩ refers to positive deviations from zero, and Ϫ refers to negative deviations from zero. The "ANOVA" column lists the ROIs for which significant main effects or interactions were found. ROIs with nonsignificant results are designated by a dash (-). For the expectancy phase, ROIs with a significant main effect of spinner are indicated by "SP," and ROIs with a significant interaction of spinner and time point are indicated by "SP*TP." ROIs with significant main effects of trial type during the outcome phase are designated by "TT," whereas ROIs with significant interaction of trial type and time point are indicated by "TT*TP." SLEA, and hypothalamus. In these cases, the ordering of and in 34 cases, the signals were below the baseline at the time points in question. the normalized BOLD signal during the outcome phase tracks the subjects' winnings. A strikingly different re- Figure 5 shows that in the NAc and SLEA ROIs, the BOLD response to the $0 outcome varied as a function sponse pattern is seen for GOb(4) in Figure 4b , in which the BOLD signal grows during the outcome phase in of spinner. The most negative values are seen in the good-spinner response (triangles), in which case $0 was response to the two most extreme outcomes: a $10 win following presentation of the good spinner and a $6 loss the worst of the three outcomes. More positive values were achieved by the bad-spinner response (inverse following presentation of the bad spinner. Deviations of outcome time courses from baseline, usually at single triangles), in which case $0 was the best of the three outcomes. The intermediate-spinner response (small time points, were also seen in seven GOb foci and in the left amygdala (Table 1) . circles) fluctuated near the zero baseline; in that case, $0 was the middle outcome. Overall, the outcome phase time courses differed reliably from the baseline at a total of 49 time points. Of ANOVAs and Contrasts. Spinner, outcome, and time point served as the predictor variables in the three-way these, 35 were in signals recorded from the six subcortical or brainstem clusters. Signals recorded from the ANOVA performed to determine whether the magnitude of the outcome responses varied as a function of outright hemisphere account for 33 of these 35 time points, the amount won or lost. The spinner was then replaced by a black disc for 0.5 s as a mask before the next trial. Figure 1b Scanning was performed using axial oblique 3 mm slices with 3.125 mm ϫ 3.125 mm voxels. Brain coverage for the 18 slices approximated the dashed box. Target a priori regions included the nucleus accumbens (NAc), the sublenticular extended amygdala of the basal forebrain (SLEA), the amygdala, the hypothalamus, the ventral tegmentum of the midbrain (VT), and the orbital cortex (GOb). Sixteen foci of putative signal change were identified initially in averaged data. Four sample brain slices in gray tone are shown for the GOb, NAc, SLEA, and hypothalamus, with the ROI used for sampling fMRI signal from individuals depicted in color overlying the corresponding anatomic region.
come. Outcome was nested in spinner. As shown in 24 cases in which contrasts between outcome phase responses crossed the threshold for statistical reliability. Figure 4a , the outcome phase signals recorded in the NAc, SLEA, and averaged data to evaluate if brain regions not hypothesized to be active in the task were potentially active hypothalamus in response to the $10 outcome on the good spinner are generally less negative than the rewith the prospect/expectancy or outcome phases of the paradigm. The rationale for this post-hoc analysis was sponses to the $2.50 outcome, which are generally less negative than the response to the $0 outcome. The postto facilitate the generation of future a priori hypotheses, and, thus, the results from it should be considered as hoc contrasts demonstrate that several of these orderly differences between the time courses cross the threshsecondary to the ROI results. All activations above a priori thresholds are listed (p Ͻ 4.73 ϫ 10 Ϫ5 ), and activaold for statistical reliability, particularly in the cases of the good and intermediate spinners. The NAc, SLEA, tions meeting the Bonferroni threshold (p Ͻ 7.1 ϫ 10 Ϫ6 ) are marked with an asterisk (*) in Tables S1-S8 (see  and hypothalamus With regard to losses, the good spinner ($0 versus $2.50) was associated with positive signal change in of positive signal change were noted in inferior prefrontal cortex and temporal cortex (Table S2 [see supplemental thalamus and secondary visual cortex (Table S6 [ Table 1) Ϫ$1.50) was associated with foci of positive and negative secondary visual cortex activation, and negative and a negative putamen activation. $50 endowment plus a total of $78.50 awarded during the scanning session); this subject estimated his winBehavioral and Questionnaire Data nings at $128. The estimates of two other subjects were During the prospect/expectancy phase of each trial, 86% and 78% of the actual amount, whereas the next subjects made button-press responses identifying the curbest estimate was only 47% of the total awarded; all rently projected spinner. The accuracy of performance on the remaining subjects provided lower estimates. Thus, this task served as an index of vigilance. At the completion most of the subjects greatly underestimated their winof scanning, a questionnaire was administered to assess nings (median estimate for all subjects ϭ $50, interthe subjects' estimates of their cumulative gains and their quartile range ϭ $30) and do not appear to have kept experience of the prospects and outcomes. track of their asset position.
Identification of Spinners and Tracking Subjective Ratings of Prospects of Accumulated Gains
Subjects rated the good spinner as a "better" prospect All subjects Figure 7a ), i.e., an observer could generate orderly and realistic prospect ratings Subjects witnessed a game of chance in which they won and lost money. On each play of the game, they were based on the fMRI time courses alone. Fewer than half as many clusters showed a domifirst shown their prospects, a set of three monetary values, and after a delay, they were shown how much nance of responses to the bad prospects than to the good. Although losses tend to loom larger than gains they had won or lost. Subjects maintained a high and consistent level of vigilance as indicated by their low of equal magnitude (Kahneman and Tversky, 1979), it is possible that the disparity between the values employed incidence of errors in identifying the currently displayed spinner. Most were unable to track their asset position in this study was too large. It is also possible that the $50 endowment and the knowledge that the subject and did not seem aware that their winnings grew over the course of the test session, suggesting that the basecould suffer no real net loss diminished the impact of the bad spinner. line for evaluating the prospects and outcomes did not change systematically over trials.
Outcome Responses A main effect of outcome was seen in the ANOVA of Analysis of the functional imaging data reveals six principal findings. First, hemodynamic responses in the the time courses from 11 ROIs. Given these differential responses, the changes in the recorded signal during SLEA and GOb(5) tracked the expected values of the three spinners, and responses to good-spinner outthe outcome phase cannot have been due simply to the waning of the response to the preceding prospect comes increased monotonically with monetary value in the NAc, SLEA, and hypothalamus. The orderings of display, which was the same for each outcome on a given spinner. these brain responses to prospects and outcomes parallel the post experiment ratings of prospect phase and
The most sustained outcome phase responses were recorded in the NAc, SLEA, hypothalamus, and VT; in outcome phase stimuli. Second, a broadly distributed set of brain regions was activated during the prospect the NAc, SLEA, and hypothalamus, the responses to the outcomes on the good spinner were ordered as a phase, and responses in many of these regions were seen during the outcome phase as well; there was little function of monetary payoff (Figure 4a ). These orderings of brain responses to good-spinner outcomes parallel evidence of anatomical segregation of prospect and outcome responses. Third, there was weak evidence for the ordering of the subjective ratings (Figure 7b ). In contrast, the ordering of responses in some ROI-based foci an influence of counterfactual comparisons on the BOLD response to the $0 outcome. Fourth, the hemodynamic differed from the ordering of the subjective ratings. For example, the responses in cluster GOb(4) to the two responses in three dopamine terminal fields, the NAc, SLEA, and hypothalamus, show intriguing parallels to most extreme outcomes ($10, Ϫ$6) are the only ones to reliably clear the baseline (Figure 4b ). These responses electrophysiological recordings from VT dopamine neurons obtained in monkeys during anticipation and expeprovide information about the magnitude of the outcomes but not their sign. Activation of a GOb focus rience of rewards. Fifth, the results are suggestive of a hemispheric bias in the processing of expectancies, reflecting the magnitude of cumulative monetary win- 
Subcortical Gray NAc(13) (R) -10 ϩ 9, 10 ϩ 8 (Ϫ), 9 ϩ 9, 10 ϩ 9 ϩ 8 (Ϫ) - . These common patterns of hemodynamic maximum they could win over the course of the experiment. Subjects were told that in the unlikely event they lost more than their response are consistent with the view that dysfunction endowment, they would receive no money, but they would be given tional parametric ones. Similarly, the expert system recommends the use of variance-adjusted weights only when the dispersion of a picture of their brain in action and have a clinical scan on record, worth approximately $1600. The spinners and the trial structure scores varies substantially across groups. The recommendations of the expert system were followed in all cases. A description of were then described. The subjects were instructed to identify each spinner as rapidly as possible using the button box and to refrain the robust extimators, the test for relative efficiency of the robust and parametric estimators, and the test for unequal dispersion of from speech during the scan. After reading the instruction text, subjects' questions were answered, and they then observed a samscores across groups is provided in an appendix available (see supplemental data at http://www.neuron.org/cgi/content/full/30/2/ ple set of ten trials, including all trial types, to familiarize them with the stimuli. 619/DC1).
Behavioral Data
The identification of the currently projected spinner by the 12 subBehavioral Monitoring jects with motion-correctable functional data was checked against Throughout the scanning session, subjects identified the currently the trial sequence. The mean number of errors and the standard presented spinner using designated keys on a button box. They error of the mean (SEM) were computed for the last 18 trials of each were instructed to make no responses during fixation point epochs.
of the eight runs. Button box responses were transmitted as ASCII data to a MacinPost Scan Interview Data tosh computer.
The ratings of prospects and outcomes by the subjects with motioncorrectable functional data were tabulated and evaluated using the Imaging expert statistical system to carry out ANOVAs and subsequent conSubjects were scanned on an instascan device ( (Table 2 ) and was still elevated at 8 s ( Figure S2 [see supplemental data]). In the four cases such as this one, the 6 s signal epochs the outcome data and fixation epoch data.
Subsequently, clusters of activation were identified using a clusselected for statistical analysis were adjusted to match the time interval during which the peak signal was attained and the area ter-growing algorithm (Bush et al., 1996). In order to maintain an overall ␣ Ͻ 0.05, this algorithm specifically localized activations that under the curve was maximal (i.e., given a lag of 4 s, time points at 4, 6, and 8 s were used). met a corrected p value threshold of p Ͻ 0.007 for the number of hypothesized brain regions interrogated. Regions of interest (ROIs) Both spinner and time point were defined as categorical (noncontinuous) variables, thus avoiding any assumptions concerning the were delineated by the voxels with p Ͻ 0.007 in a 7 mm radius of the voxel with the minimum p value (the "max vox"). Max vox peaks form of the time courses. The results of primary interest in the expectancy ANOVA were the had to fall within a cluster of at least three voxels that met the statistical threshold and to be separated by at least 4 mm from any main effect of spinner, and the spinner ϫ time point interaction. A main effect of spinner indicates a difference in the magnitude of the other putative max vox peak.
Signal Time Course Analysis of ROIs. The normalized fMRI signal fMRI signals corresponding to the presentation of the three spinners; a spinner ϫ time point interaction indicates that the form of the was averaged, at each time point, across the voxels within each activation cluster falling within an ROI (Table 1). As described above, signal time courses differed across spinners. Given that ANOVAs were carried out on the signals from 16 different clusters, we used the averaged data were assembled into 20 s time courses.
Exploratory Analysis. An exploratory analysis of the time courses a more stringent ␣ level (0.003) than the conventional 0.05 value as the threshold for a significant effect. was performed in order to examine the across-subject distribution of the averaged fMRI signal in each cluster. Deviation scores from
In cases that met the criterion ␣ level, the pair-wise across-spinner contrasts were computed at each of the three time points. Regardthe across subject signal mean were combined across time points and trial types, and displayed as a normal probability ("quantileless of whether the main effect of spinner or the spinner ϫ time point interaction met the significance criterion, the confidence band quantile") plot for each experimental time period (Chambers, 1983 ) (see Figure S4 [see supplemental data at http://www.neuron.org/ surrounding the location estimate was compared to zero (Tables 1  and 3 ). Given that multiple comparisons were carried out, simultanecgi/content/full/30/2/619/DC1]). If the scores of the subjects were distributed normally, as was the case in some but not all clusters, ous confidence intervals reflecting the variance at all time points during the expectancy phase were used in this comparison (Tables  such a plot 
